Single-cell analysis has been considered as a promising way to uncover the underlying mechanisms guiding the mysteries of life activities, which considerably complements traditional ensemble assays and yields novel insights into cell biology. The advent of atomic force microscopy (AFM) provides a potent tool for investigating the structures and properties of native biological samples at the micro/nanoscale under near-physiological conditions, which promotes the studies of single-cell behaviors. In the past decades, AFM has achieved great success in single-cell observation and manipulation for biomedical applications, demonstrating the excellent capabilities of AFM in addressing biological issues at the single-cell level with unprecedented spatiotemporal resolution. In this article, we review the recent advances in single-cell analysis that has been made with the utilization of AFM, and provide perspectives for future progression.
Introduction
Single-cell analysis is an emerging area expected to benefit addressing the fundamental sciences in the field of biomedicine. Traditional biochemical studies (such as Western blotting, polymerase chain reaction (PCR)) are based on ensemble experiments which are done in test tubes with purified biomolecules prepared from cell populations [1, 2] . It is quite obvious that this research mode gives us considerable knowledge about the molecular and cellular behaviors, which is critical for understanding the physiological and pathological processes of living organisms. Nevertheless, it is notable that the results reflect the averaged behaviors of cell populations and the rare events of the small subpopulations of cells are masked [3] . Cells are highly heterogeneous, and the phenotypic differences are observed even for genetically identical cells [4] . Hence, investigating the behaviors of individual cells promotes uncovering novel mechanisms guiding cellular activities, which significantly complements the traditional ensemble studies and potentially has tremendous impacts on biomedicine. Single-cell analysis has become a new frontier in omics [5] . In fact, in recent years, researchers have utilized single-cell biochemical and biophysical assays to investigate diverse biological issues, including the architecture of biological noise [6] , cellular hierarchy [7] , intratumoral heterogeneity [8] , single-cell western blotting [9] , stem-cell program [10] , and so on, showing that singlecell analysis provides novel insights into cell behaviors.
The advent of atomic force microscopy (AFM) provides new possibilities for single-cell analysis. In the past decades, diverse single-cell mechanical techniques have been developed for exploring the physical sciences involved in the cell biology, such as optical tweezers, magnetic tweezers, microfluidics, AFM, and so on [11] [12] [13] . The detailed comparison between AFM and other single-cell techniques has been summarized in Refs. [14] [15] [16] . Among the single-cell techniques, the unique merit of AFM is that AFM is able to simultaneously acquire the structures and properties of individual living cells with unprecedented spatiotemporal resolution (nanometer spatial resolution [17] and millisecond temporal resolution [18] ) in aqueous conditions. Particularly, the instrumental performances and functions of AFM have been being improved continuously since its advent, which attract the attention of worldwide researchers and promote the widely biomedical applications of AFM [19] [20] [21] . In this paper, the recent advances in AFM for single-cell analysis are reviewed from several facets (including imaging cellular morphology, sensing cellular mechanics, and performing cellular manipulations for physicochemical assays), and the future directions for these areas are discussed.
2 Single-cell morphology visualized by AFM: from surface dynamics to interior structures AFM topography imaging visualizes the fine structures of single living cells. As early as in 1992, researchers have used AFM to visualize living platelets [22] and the filamentous actin of living glial cells [23] , demonstrating that AFM is able to resolve the ultra-microstructures of living cells directly in near-physiological conditions. From then on, a wide range of cellular fine structures have been resolved by AFM imaging, including actin cortex of living cells [24] , individual microvilli on living cells [25] , the fusion of single secretory vesicles with plasma membrane [26] , nanoscale architecture of peptidoglycan on living bacterial cells [27] , the cellular micro/nano porous structures of mammalian cells [28] , the arrangements of single proteins on cell membrane [29] , the effects of antimicrobial drugs on the morphology of microbial cells [30] , and so on. It is notable that a crucial factor influencing the quality of AFM living cell imaging is the immobilization method which involves attaching cells tightly onto the solid substrate. For different types of cells (e.g., microbial cells, animal adherent cells and animal suspended cells), the immobilization methods are diverse. Briefly, microbial cells can be conveniently immobilized via porous polymer membrane trapping or poly-L-lysine electrostatic adsorption [31, 32] . Recently researchers have also developed microstructured polydimethylsiloxane (PDMS) stamps to immobilize microbial cells [33] , and the experimental results showed that both bacterial spores and yeast cells could be effectively trapped by this method for AFM observation. Animal adherent cells do not require extra immobilization since they are able to naturally adhere to and spread on the substrate. The immobilization method combining micropillar mechanical trapping and poly-L-lysine electrostatic adsorption is suited for the AFM imaging of living animal suspended cells [34] . For detailed descriptions of cellular immobilization, readers are referred to the references [35, 36] .
AFM topography imaging allows visualizing the elaborate structural dynamics of single living microbial cells. In 2007, Plomp et al. [37] have used AFM imaging to reveal the structural dynamics of single germinating bacterial spores, as shown in Fig. 1(a) . Bacterial spores adhered to gelatin-coated vinyl plastic substrates with sufficient avidity for AFM imaging in liquid. Subsequently, the medium was replaced with germinant solution to initiate spore germination and serial AFM images of single germinating bacterial spores were recorded. AFM images clearly unveiled previously unrecognized germinationinduced alterations in spore coat architecture. The detailed disassembly dynamics of the outer spore coat roadlet structures during the process of spore germination was revealed. In 2010, Fantner et al. [38] have used high-speed AFM to observe the topographical dynamics of single bacteria after the treatment of antimicrobial drugs, as shown in Fig. 1(b) . Bacteria were immobilized on cover slides coated by poly-L-lysine. Once the drugs were added into the medium, AFM images of bacteria were recorded every 13 s. AFM successive imaging clearly showed that the surface of bacteria changed from smooth to corrugated, directly revealing the druginduced dynamical changes of bacterial morphology. With the use of high-speed AFM, the dynamic processes of bacterial microcompartment facet assembly [39] and transmembrane protein motion have also been visualized [40] . Besides imaging the surface dynamics of single microbial cells, AFM has been used to observe the dynamic interactions between microbial cells and host cells. In 2012, El-Kirat-Chatel et al. [41] revealed the structural dynamics of microbial infection by combining AFM with fluorescence microscopy, as shown in Fig. 1(c) . Fluorescence imaging clearly distinguished fungal cells from macrophages during the various steps of the infection process. AFM imaging showed the dynamic changes of the nanoscale topographical features of the macrophage (e.g., ruffles, lamellipodia, filopodia, membrane remnants, and phagocytic cups), which were of biological relevance to the infection process.
AFM topography imaging is able to reveal the structural dynamics of single living mammalian cells. In 2013, Colom et al. [42] have utilized high-speed AFM to visualize the dynamic activities of single membrane proteins on eukaryotic cells, as shown in Fig. 2(a) . A hybrid high-speed AFM/optical microscopy system was developed, which allowed high-speed AFM imaging on cells about 1,000 times faster than conventional AFM/optical microscopy setups. With this system, the real-time motion of unlabelled single membrane proteins AQP0 on lens cells was captured, clearly showing the association and dissociation dynamics of single AQP0 molecules on cell surface. In 2013, Watanabe et al. [43] developed a high-speed AFM system based on a wide-area scanner. The wide-area (46 μm × 46 μm) scanner was achieved by magnifying the displacements of stack piezoelectric actuators using a leverage mechanism, allowing the high-speed AFM observations of living cells with larger sizes. With the system, the dynamics of endocytosis taking place on the surface of single HeLa cells was revealed, as shown in Fig. 2(b) . The AFM successive images distinctly showed the formation and disappearance of nanoscale pits on the cell surface, which corresponded to the different stages of cellular endocytosis. In 2015, Yoshida et al. [44] directly revealed the real-time dynamics of actin filaments on living cells by highspeed AFM, as shown in Fig. 2(c) . Filaments crossed each other to form a network structure with mesh sizes ranging from 1. . AFM images revealed the dynamic rearrangement (appearance and disappearance) of actin filaments. In 2015, another study performed by Kronlage et al. [45] utilized AFM to reveal the dynamic morphological changes of actin filaments in living vascular endothelium after drug treatment. The results showed that the treatment of actin-destabilizing agent (such as cytochalasin D) caused the thinning of the cortical cytoskeleton network and the increase of mesh size. In contrast, after the treatment of drugs (such as jasplakinolide) which enhance actin polymerization, the cortical cytoskeleton network strengthened and the mesh size decreased.
AFM is also able to visualize the interior structures of cells with the assistance of ultrasound holography. In 2005, Shekhawat et al. [46] developed the scanning near-field ultrasound holography (SNFUH) based on AFM. In SNFUH, a high-frequency acoustic wave is launched from the bottom of the specimen while another high-frequency wave (at a slightly different frequency) is launched on the AFM cantilever ( Fig. 3(a) ). The interference of the two waves forms a surface acoustic standing wave, which is perturbed by the buried features of the specimen. Therefore, when scanning the specimen, both AFM topography image (reflecting the surface morphology of the specimen) and SNFUH image (reflecting the internal information of the specimen) are simultaneously obtained. With the use of the system, cellular interior structures were revealed. Figure 3(b) shows the results obtained on a mouse cell [47] . AFM topography image showed the overall outer morphology of the cell (Fig. 3(b)(i) ), while the SNFUH image revealed the internal substructure of the cell (Fig. 3(b) (ii)). The cell nucleus was strikingly distinguishable from the SNFUH image. Figure 3(c) shows the results obtained on a red blood cell (RBC) which was infected by malaria [46] . AFM topography image showed the typical surface morphology of an infected RBC (Fig. 3(c)(i) ), whereas the SNFUH image significantly showed the malaria parasites inside the RBC (Fig. 3(c) (ii)). Figure 3(d) shows the results of imaging nanoparticles in cells [48] . Alveolar macrophages from mice exposed to nanoparticles after 7 days were scanned. For control, macrophages which were not exposed to nanoparticles were scanned. AFM topography image of macrophage from mice revealed nanoparticles on the surface of the cell (Fig. 3(d)(i) ), while SNFUH image significantly revealed the nanoparticles inside the cell (Fig. 3(d) (ii)), which was strikingly obvious when compared with the results from control group. These impressive results allow AFM to image cellular interior structures [49] , which will promote the understanding of cellular behaviors.
Single-cell mechanics sensed by AFM: from multiparametric characterization to time-lapse analysis
Based on AFM indentation technique, the cellular elastic properties are quantitatively measured. Cellular Young's modulus is typically measured by controlling AFM tip to vertically poke the cell and then analyzing the obtained force curves with Hertz-Sneddon model [50] . When the AFM probe indents the cell, the cell-up mechanical contact causes the deformation of the AFM cantilever. By analyzing the force curves which reflect the deformation of AFM cantilever, information about the mechanical properties of cells can be extracted. Hertz model is suited for spherical probe while Sneddon extended Hertz model to conical probe [51] . For detailed descriptions about experimental procedure and data analysis of AFM-based cellular Young's modulus measurements, readers are referred to Refs. [52, 53] . Briefly, force curves are firstly obtained on the bare area of the substrate to calibrate the deflection sensitivity of the cantilever (Fig. 4(a)(i) ), which is then used to calibrate the spring constant of the cantilever [54] . Then force curves are recorded on the cells to measure cellular Young's modulus. Notably, studies have shown that several experimental factors influence the measured cellular Young's modulus by AFM indentation assays, including the loading rate of cantilever, indentation depth, tip geometry, the number of consecutive poking, cell density, surface chemistry, medium composition and environmental temperature [54] . For example, the increase of loading rate results in the increase of measured cellular Young's modulus (Fig. 4(a) (ii)), and the cellular Young's modulus measured by spherical tip is often smaller than that measured by conical tip (Fig. 4(a)(iii) ). Therefore, in order to make the results comparable, conditions should be maintained identical during AFM single-cell mechanical measurements. Besides, a notable point is that applying Hertz-Sneddon model requires that the indentation depth should be less than 10% of cell thickness to avoid the bottom effect arisen from the stiff substrate [55] , meaning that it is hard to measure the Young's modulus of cellular peripheral structures such as lamellipodia. In 2012, Gavara et al. [56] presented a bottom effect cone correction (BECC) for the Sneddon model, which allowed the determination of Young's modulus of thin samples, as shown in Fig. 4(b) . The experimental results clearly showed the Young's modulus of cellular lamellipodia and BECC could discern regions with distinct range of stiffness. In contrast, the measured Young's modulus of cellular lamellipodia was significantly influenced by the substrate when using Sneddon model. Besides Young's modulus, AFM is also able to quantify the viscoelastic properties of cells based on oscillatory measurements [57] . Traditionally, the frequencies applied on cells are in the range 0.1-100 Hz [57] for conventional AFM.
Recently, Rigato et al. [58] developed high-frequency (from 1 Hz to 100 kHz) microrheology experiments to probe the viscoelastic response of living cells based on high-speed AFM, which revealed the dynamics of cell mechanics at shorter timescales. By analyzing the obtained force-time curves, the elastic modulus and viscous modulus of cells are obtained. The experimental results showed that benign and malignant cancer cells exhibited different scaling laws at high frequencies, providing a unique mechanical fingerprint for discriminating cancer cells and healthy cells.
AFM has been shown to be able to probe the elastic properties of biopsy samples prepared from clinical cancer patients. Cell lines cultured in vitro are quite different from the cells in the human body, and thus performing AFM mechanical assays on primary cells from clinical patients provides information which is closer to the mechanical behaviors of cells in real situations. In 2007, Cross et al. [59] applied AFM to directly measure the Young's modulus of cancer cells which were taken from the body fluids of cancer patients. From the optical images, cancer cells were round with a small size, while benign mesothelial (normal) cells were flat with a larger size. Cancer cells were further validated by immunofluorescence. AFM measurements significantly showed that normal cells were about four times stiffer than cancer cells. In 2012, Plodinec et al. [60] used AFM to measure the stiffness of primary tumor tissues from patients with breast cancers. The cylindrical biopsies with a diameter of ~ 0.2 cm and length of 0.2-1 cm were obtained from the cancer patients under ultrasound guidance. The experiments combining AFM mechanical measurements with pathological staining on the biopsies showed that normal and benign tissues had uniform stiffness profiles characterized by a single peak, while malignant tissues had a broad distribution with a low-stiffness peak corresponding to cancer cells. The experiments on the mice showed that the migration and metastasis of tumor was correlated to the low stiffness of cancer cells. In 2015, Tian et al. [61] used AFM to investigate the mechanical changes of liver tissues during cancer development and the related molecular mechanisms. The stiffness of surgically removed biopsies from patients with hepatocellular carcinoma (HCC) was measured by AFM, clearly showing the stiffer extracellular matrix and softer HCC cells in the tissue samples. Besides, the stiffness of HCC cells was significantly less than that of cells in normal liver tissues. The subsequent molecular biochemical assays showed that the expression level of a Rho-family effector was consistent with the mechanical changes of the tissues. In 2016, Ciasca et al. [62] utilized AFM to investigate the mechanical dynamics of primary tissues during the development of two types of brain tumors, including gioblastoma and meningothelial meningioma. Human gioblastoma and meningioma tissue samples were obtained after surgical resection and then the tissue samples were measured by AFM within two hours. AFM measurements clearly showed that malignant brain tissues were significantly softer than their normal counterparts. These studies [59] [60] [61] [62] demonstrate the capabilities of AFM in probing the mechanical properties of primary samples from clinical cancer patients and also point out that tissue mechanics is an effective label-free biomarker for evaluating tumor malignancy. Utilizing AFM to characterize the mechanics of cells cultured on soft biomaterials benefits understanding the cellular activities. Traditionally, the AFM single-cell mechanical experiments are commonly performed on stiff substrates (such as plastic Petri dishes or glass slides) whose mechanical properties are quite different from those of native extracellular matrix (ECM) [63] . Designing soft biomaterials (such as hydrogel) capturing the characteristics of natural ECM [64] to culture cells and then investigating cell mechanical changes provides novel information which is closer to the real situations in vivo for understanding the behaviors of cells. In 2017, Rianna and Radmacher [63] investigated the mechanical properties of cells grown on the hydrogel. Polyacrylamide (PA) gel was used to fabricate substrates with different stiffness, including soft substrates (3-5 kPa) and stiffer substrates (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . Thyroid cancer cells and normal cells were cultured on the PA gel substrates. AFM mechanical measurements showed that normal cells significantly increased their Young's modulus as the increase of substrate stiffness, whereas the Young's modulus of cancer cells kept constant regardless of the substrate stiffness. The experimental results indicated that cancer cells were less affected by the surrounding stiffness. By tuning the stiffness of the substrate, the mechanical behaviors of stem cells grown on the hydrogel have been investigated by AFM [65] , showing that substrate stiffness plays an important role in the determination of stem cell fate. In recent years, researchers have also utilized decellularized matrices to grow cells for investigating the mechanics of extracellular matrix in the mechanobiology of tumor development [66] . The decellularized matrices are the ECM reconstituted after decellularization [67] . ECM and ECM-mimicking scaffolds and substrates are ideal candidates for tissue engineering because in the human body cells lay on or are surrounded by ECM [68] . Studies have shown that the mechanical properties of decellularized ECM can be characterized by AFM and then correlated with the biological functions of the ECM [69, 70] , which is meaningful for understanding the role of microenvironment in the biophysics of cancer cells [71] .
The development of peak force tapping AFM [72, 73] allows real-time visualization of cellular mechanical properties together with cellular topographical information. In the imaging mode of peak force tapping AFM, force curves are recorded in a pixel-by-pixel manner on the specimen. By automatically analyzing the force curves, multiple mechanical properties of the specimen are obtained, such as Young's modulus, adhesion force, deformation, energy dissipation and so on. Applying peak force imaging AFM on living cells provides a novel way for directly investigating the correlation between cell mechanics and cell structures. In 2016, Calzado-Martin et al. [74] utilized peak force imaging AFM to perform imaging on normal and cancerous breast cells to analyze the relationship between cell structure and cell mechanics, as shown in Fig. 5(a) . The results clearly showed that normal breast cells had long, compact, and well-aligned fibers ( Fig. 5(a)(i) ), which yielded larger Young's modulus ( Fig. 5(a)(iii) ). While cancerous breast cells had disorganized networks ( Fig. 5(a)(ii) ), which yielded lower Young's modulus ( Fig. 5(a)(iv) ). The structural differences between normal breast cells and cancerous breast cells were consistent with the actin labeling (Figs. 5(a)(v) and 5(a)(vi)) fluorescence results of cells [75] , indicating the important role of actin reorganization in tumorigenesis. In 2012, Heu et al. [76] utilized peak force imaging AFM to investigate drug-induced changes in cellular mechanical properties, as shown in Fig. 5(b) . Glyphosate is an extensively used herbicide that has been shown to increase the risk of cancer. Cells from control group (without glyphosate stimulation) exhibited membrane surfaces with regular and homogenous protrusions (Fig. 5(b)(i) ), which was obtained simultaneously with Young's modulus information (Fig. 5(b)(iii) ) and deformation information (Fig. 5(b)(v) ). After the treatment of glyphosate, cells developed a filamentous subcellular network (Fig. 5(b)(ii) ), which was accompanied by the increase of stiffness (Fig. 5(b)(iv) ) and the decrease of deformation (Fig. 5(b)(vi) ). The results distinctly visualized the drug effects on the structure and mechanics of individual cells, which is useful for evaluating drug actions at the single-cell level.
AFM has been shown to be able to probe heterogeneous samples with larger elastic modulus variations. A notable point in AFM-based mechanical analysis is that the spring constant of cantilever should be comparable with the stiffness of the specimen being probed [54] , which causes that it is challenging to characterize the heterogeneous surface with large variations (e.g., one or more orders of magnitude differences) with the same AFM probe. In 2017, Meng et al. [77] developed a magnetic driving peak force modulation AFM to broaden the dynamic range of the probe with direct cantilever excitation, as shown in Fig. 6 . A solenoid is mounted underneath the sample stage to generate an alternating current (AC) magnetic field in the vertical direction ( Fig. 6(a) ). A magnetic bead is attached to the backside of the cantilever (Fig. 6(b) ). Through the magnetic bead, the magnetic field drives the cantilever to sinusoidally oscillate at selected off-resonance frequencies, which allows that a broad range of elastic modulus can be mapped using the same probe. The experimental results strikingly showed that utilizing this method could probe the elastic modulus ranging up to four orders of magnitude (from 1 kPa to 20 GPa) with a same AFM probe, facilitating AFM to probe the mechanics of heterogeneous samples. Figure 6(c) shows the experimental results of applying the method on single bacterial cells. Topography image, stiffness image, and adhesion image were obtained simultaneously. The bacterial cell was clearly discerned from the substrate, and the Young's modulus of bacterial flagella was from about 400 MPa to 1.5 GPa. Nevertheless, it should be noted that the results appear to be influenced by the stiffness of the substrate and may be improved further, such as the introduction of the BECC correction model developed in Ref. [56] for thin samples.
AFM single-cell force spectroscopy gains great success in revealing the mechanisms of how mechanical forces regulate cellular adhesion. Bacterial biofilms are involved in a multitude of serious chronic infections [78] and affect millions of patients worldwide each year [79] . The increasing failure of antibiotic treatment of bacterial infections [80] has generated significant burden to the medical community. Therefore, investigating the underlying mechanisms of bacterial biofilms is of considerable significance for biomedicine and health. The process of bacterial biofilm generation and diffusion ( Fig. 7(a) ) mainly contains several stages, including adhesion of bacteria to the surface, microcolony formation due to cellular aggregation and extracellular polymeric substances (EPSs) production, macrocolony formation due to further remodelling and maturation, and biofilm dispersal [81] . Traditional methods such as SEM imaging [82, 83] provide the morphological information about bacterial biofilm but are incapable to access the mechanical force which plays an important role in cellular adhesion. AFM-based single-cell force spectroscopy (SCFS) [84] is able to reveal the molecular mechanical force in regulating the formation of bacterial biofilm. For SCFS, AFM cantilever requires chemical functionalization [85] , as shown in Fig. 7(b) . A bead is firstly glued to the cantilever and then the bead is coated by polydopamine. Subsequently, single bacteria is attached to the bead for SCFS analysis. Staphylococcus epidermidis expresses a protein called SdrG on cell surface and SdrG is able to binds to the fibrinogen (Fg). When using normal S. epidermidisconjugated cantilever to record force curves on Fg-coated substrate, molecular binding forces were strikingly probed ((i) in Fig. 7(c) ). When using a mutant S. epidermidis impaired in SdrG expression to obtain force curves, the adhesion events significantly vanished ((ii) in Fig. 7(c) ), demonstrating the specific SdrG-Fg interactions. For staphylococci, the cationic polysaccharide intercellular adhesin (PIA) forms an extracellular matrix which connects the cells together to facilitate biofilm formation [86] . AFM single-cell analysis clearly revealed the distinct decrease of adhesion force for the ΔPIA cells lacking PIA (Fig. 7(d) ), directly showing the important role of PIA in biofilm formation. The protein SasG on the surface of Staphylococcus aureus promotes cell-cell adhesion during biofilm formation [87] . AFM-based SCFS revealed that SasG mediated cellular adhesion via specific zinc-dependent bonds on neighboring cells, and the activation of adhesive function of SasG was accompanied with the stiffening of cells (Fig. 7(e) ). Based on SCFS, the mechanical cues involved in biofilm formation have been revealed, such as molecular interactions of surface protein [88] and bacterial invasion [89] , providing novel insights into microbiology. Besides, recently SCFS has been widely used to investigate the force mechanisms guiding mechanosensing. In 2017, Strohmeyer et al. [90] have investigated the timescale of cellular response to external force upon ligand-binding, showing that fibronectin-bound α5β1 integrins responded to mechanical load in less than one second. Further experiments showed that αV-class integrins participated in the cellular adhesion by interactions with α5β1 integrins [91] . In addition, several biological issues involved in cell adhesion have been investigated by SCFS, including adhesion on dynamic supramolecular surfaces [92] , the impact of hyperglycemia on adhesion between endothelial and cancer cells [93] , and the role of cell adhesion in cancer cell invasion [94] , improving understanding of cell adhesion.
AFM cantilever serves as an ultrasensitive nanomechanical sensor for characterizing the mechanical dynamics of single living cells during the physiological activities of cells. Cell shape influences cellular functions and cells of distinct functions exhibit unique shapes [95] . During the mitotic process for cell division and embryogenesis, cell becomes round due to the reorganizations of cellular spindle [96] , which yields rounding forces that can be quantitatively sensed by AFM. By placing a tipless cantilever above single living cells, the rounding force is directly measured by monitoring the changes of the deformation of the cantilever. Both regular cantilever and wedged cantilever can be used for measuring the rounding force of cells during mitosis, as shown in Fig. 8(a)(i) . There is a tilt angle of 8°-12° relative to the sample surface for regular cantilever, which causes non-uniaxial force applying [97] . A wedge-modified tipless AFM cantilever allows parallel plate compression. The wedged cantilevers can be fabricated from a single piece of silicon by using focused ion beam (FIB) ablation [98] . Figure 8(a) (ii) represents the dynamic changes of the rounding forces of a cell during mitosis sensed by AFM tipless cantilever [99] , showing that the rounding force gradually increased as the cell progressed through prometaphase and into metaphase. When the cell entered into anaphase, the rounding force significantly decreased to zero. Fluorescence microscopy images were also recorded, clearly showing the division process of the cell. The mass fluctuations of single living cells can also be sensed by AFM cantilever. In 2017, Martinez-Martin et al. [100] developed a cell balance based on optically excited vibrating cantilever, which were able to measure the total mass of single cells in culture condition with millisecond time resolution and picogram mass sensitivity, as shown in Fig. 8(b) . A low-power intensity-modulated blue laser is focused at the base of the cantilever to produce small cantilever oscillations (1-15 Å). Attaching a cell to the cantilever changes the effective mass and thus shifts the natural resonance frequency of the cantilever, which can be sensed by utilizing an infrared laser reflected from the free end of the cantilever (Fig. 8(b)(i) ). Fluorescence images of the cells attached to the cantilever confirmed the biological activities of the cell (Fig. 8(b)(ii) ). With the method, the mass dynamics of single cells after virus infection were revealed. (Fig. 8(b)(iv) ) that the mass of cell infected by virus kept stable while the mass of cell without virus infection increased, indicating the mechanical indicator of cell mass dynamics. Besides sensing the rounding force and mass fluctuations of single cells, using AFM cantilever as an ultrasensitive sensor has also allowed the direct measurement of the lamellipodial protrusive force in a migrating cell [101] and the rapid detection of bacterial resistance to antibiotics [102] , significantly complementing traditional ensemble biochemical methods.
Single-cell manipulations by AFM for physiochemical assays
Combining AFM with nanofluidics facilitates single-cell manipulations and biomedical applications. In 2009, Meister et al. [103] developed the fluidic force microscopy (FluidFM), an AFM based on hollow cantilevers for local liquid dispensing and stimulation of single living cells, as shown in Figs. 9(a) and 9(b) . A microsized channel is integrated in an AFM cantilever and connected via channels in the AFM chip holder to a delivery system (Fig. 9(a)(i) ). An aperture was formed in the AFM tip by focused ion beam to allow liquids to be injected or delivered locally to single cells. The aperture could be formed beside the apex of the tip for intracellular injection ( Fig. 9(a)(ii) ) or at the apex of the tip for dye delivery by gentle contact (Fig. 9(a)(iii) ). When controlling the AFM tip to indent the cell, the interaction forces between the tip and cell were recorded by detecting the deflections of the cantilever via a laser, which allowed that the tip could be brought into very close contact with the cell without the risk of damage for drug delivery. By increasing the contact force between tip and cell, the tip could penetrate the cell membrane for drug injection. Based on FluidFM, femtoliter volumes of a solution can be locally delivered or injected to a single living cell [104] , as demonstrated by the experimental results of injecting or delivering fluorescent dye to single cells (Fig. 9(b) ). FluidFM is also able to manipulate single living cells. In 2014, Guillaume-Gentil et al. [105] utilized FluidFM to isolate single adherent mammalian cells, as shown in Figs. 9(c) and 9(d). Figure 9 (c) shows the detachment of single cells from the substrate by controlled trypsin release. Cells expressing mRFP-tagged actin in a mixed culture containing unmarked cells were selected as targets for manipulations (Fig. 9(c)(i) ). The microfluidic probe was positioned 5 μm above the target cell and then trypsin solution was delivered to the target cell (Fig. 9(c)(ii) ), which resulted in the detachment of the target cell (Fig. 9(c)(iii) ). Figure 9(d) shows the controllable transport of single cells by FluidFM. After controlling the fluidic probe to gently contact the cell, the underpressure was applied to attract and capture the cell at the probe aperture. Maintaining the underpressure of the probe and lifting up the probe allowed transporting the cell to a microwell on the substrate. Subsequently, a short overpressure pulse was applied to release the cell into the microwell. The cell could grow and spread on the microwell, showing the biological activities of the cell after manipulations.
The manipulations of single cells by combining AFM with nanofluidics contribute to the physiochemical assays of single cells. With the use of FluidFM, the substructures (such as cytoplasm and nucleus) of single cells can be extracted for molecular analyses [106] , as shown in Fig. 10(a) . For doing this, five main steps are involved, including inserting the fluidic tip into the cell, filling the probe with intracellular substances through the application of negative pressure, withdrawing from the cell, local dispensing and subsequent molecular analyses of the intracellular substances ( Fig. 10(a)(i) ). Fluorescence images and bright field images clearly showed the extraction of the nucleus (Fig. 10(a)(ii) ) or cytoplasm ( Fig. 10(a)(iii) ) of single cells. The volumes of intracellular substances harvested by fluidic tip was in the range of 0.1-7 pL. The post-extraction cellular viability tests showed that cells still maintained viable after the extraction of a certain proportion of the cytoplasm (up to 4 pL) or nucleus (up to 0.6 pL) and behaved similarly to the non-extracted cells. The molecular analyses of the extracted intracellular fluid proved that the enzyme activities and transcript abundances could be detected.
In addition, recent studies have shown that single-cell extraction can be used for single-cell mass spectrometry of metabolites, providing complementary analyses of the cell before, during, and after metabolite analysis [107] . FluidFM can also be merged with patch clamp for electrophysiological assays of single cells [108] , as shown in Fig. 10(b) . The membrane patch in the tip aperture is ruptured to connect the electrode inside of the pipette with the cytosol (Fig. 10(b)(i) ). The patch-clamp electronics clamps the transmembrane potential. The ability of this system to record the activities of voltage-gated ion channels was examined on HEK-293 cells expressing sodium ion channels ( Fig. 10(b)(ii) ), simultaneously showing the interaction force of the nanopipette exerted on the cell and the whole-cell ionic current. Little negative pressure was applied on the cell with the use of a syringe and then an abrupt decrease of ionic current was observed, indicating a seal was formed. The seal resistance were in the range of 100-150 MΩ, which allowed electrophysiological assays of ionic currents with sufficient signal-to-noise ratio. Further, the combined use of FluidFM and patch clamp could simultaneously record the whole-cell currents and contraction force of beating cardiac cells (Fig. 10(b)(iii) ). Cardiomyocyte contractions were significantly discernible as prominent changes in the force curves, and the ionic currents were measured simultaneously, allowing the direct correlation between cell ionic current and cell mechanics.
AFM robotic manipulations facilitate performing physical operations on single cells, providing a novel idea for nanoscale robotic medicine. Commercial AFM is an imaging tool and is inconvenient to perform automated manipulations. By combining AFM with augmented reality system, a human-in-the-loop (closed-loop) AFM robotic manipulator was developed [109] . The main components of the AFM robotic manipulator include AFM, joystick, operator, and augmented reality user interface (Fig. 11(a) ). The operator senses the real-time contact force between the nano-object and AFM probe based on the haptic and visual feedback and also controls the AFM probe to perform manipulations on the nano-object. The AFM manipulator is able to perform diverse manipulations on single cells (Fig. 11(b) ), including touching, cutting, pushing, and drug delivery [110] . Figure 11 (c) shows performing robotic cutting operations on single living cells via AFM manipulator [111] . After obtaining AFM images of the living cells, the manipulation is performed under the assistance of the augmented reality system (Fig. 10(c)(i) ). The AFM tip can be controlled by the operator to cut the substructures of cells with nanometer precision (Fig. 10(c)(ii) ). After the cutting operations are finished, AFM images of the cells are obtained again, clearly showing that cells have been successfully dissected (denoted by the green circles in Fig. 11(d) ). The mechanical properties of the same cells before and after cutting surgery can be monitored by AFM, which is useful for understanding the cellular behaviors in response to mechanical stimuli [112] . An example of applying AFM robotic manipulations to exert mechanical touching on cells is activating the mechanosensitive ion channels of cells [113] . By controlling AFM tip to mechanically touch the mechanosensitive ion channels on the surface of single cells, the mechanosensitive ion channels are opened, which result in the ion current that can be detected by patch clamp, facilitating simultaneously investigating the correlation between mechanical force and ion current. Further, recent studies have shown that drug molecules can be controllably delivered to the surface of single cells via AFM robotic manipulations [114] , indicating the potential of AFM robotic manipulations on drug-cell interactions.
The development of dual-probe AFM opens new possibilities for the manipulations and force measurements of single cells. Traditional nanomanipulations of AFM use one tip for both imaging and manipulation, which cannot provide the true real-time visual feedback for observing the results of manipulations. In 2009, Xie et al. [115] developed a dual-probe AFM which was capable of parallel imaging and manipulation. This system was equipped with two individually actuated cantilevers with protrudent tips. The protrudent tip enabled discerning the horizontal position of the tip from the optical images of AFM probe. Each of the cantilever was driven by an independent piezoelectric tube. One cantilever acted as an imaging sensor, and the tip of the other cantilever was used as a manipulation tool. The dual-probe allows the three-dimensional (3D) manipulations of single cells, which facilitates the force measurements of single cells. A typical application of dual-probe AFM in single-cell analysis is controllably measuring the molecular adhesion forces [116] , as shown in Fig. 12 . As shown in Fig. 12(a) , the dual-probe was placed over individual cells under the guidance of optical microscope, aligning tips I and II on the left and right sides of the cell, respectively. By vertically moving the substrate and controlling the motion of probes, single cells were grasped and transported to contact another cell on the substrate. By pulling the grasped cell from the target cell on the substrate, the detachment forces between cells were measured. Figure 12 AFM has shown to be combined with environmental scanning electron microscope (ESEM) for single-cell analysis. When using AFM to investigate the cell-cell detachment process at the force measurement mode, the contact process between AFM tip and cell cannot be simultaneously imaged by AFM [117, 118] . By side-view optical microscopy [119, 120] or z-stack confocal microscopy [97, 121] , the contact situations between AFM tip and cell can be visualized, but this is limited to the low spatial resolution of optical microscopy. In 2015, Shen et al. [122] developed an integrated nanorobotic AFM and ESEM system for detachment process studies of cells (Fig. 13) , which combined the advantages of AFM's measurement ability and ESEM's observation ability. AFM probe and the laser displacement sensor were assembled on a small holder ( Fig. 13(a) ) which was driven by the nanorobotic manipulator [123] inside the ESEM. When utilizing nanorobotic manipulator to move the AFM probe to mechanically touch the cells on the substrate, the interactions between AFM tip and cells result in the changes of the deflections of the AFM cantilever ( Fig. 13(b) ), which are used to characterize the detachment process of cells from substrate. Yeast cells were dropped onto the substrate and SEM imaging clearly visualized the process of detaching single cells from the substrate by AFM probe (Fig. 13(c) ). Combining AFM with ESEM provides a novel idea for investigating the behaviors of single cells at the nanoscale. Nevertheless, despite that ESEM can manipulate samples containing some moisture, there is still a big gap between the conditions provided by ESEM (0 °C, 600 Pa pressure [124] ) and the real in vitro growth conditions (37 °C, 5% CO2, standard atmosphere) living cells reside in Ref. [125] . Studies have shown that only several types of cells (such as yeast and bacteria), which have cell wall, could survive in the harsh environments inside ESEM and can then be handled by the nanorobotic manipulator [122] , limiting the biomedical applications on mammalian cells.
Discussion and perspective
In this paper, the achievements about advancing AFM to investigate the structures and properties of single cells in the past decade have been summarized, mainly including single-cell morphological imaging (e.g., visualizing the ultra-microstructures of single cells [37] [38] [39] [40] [41] , revealing the structural dynamics on cell surface by highspeed AFM [42] [43] [44] , imaging cellular interior structures [46] [47] [48] ), single-cell mechanical sensing (e.g., cellular mechanical properties measurements [54] [55] [56] [57] [58] , primary cell and tissue measurements [59] [60] [61] [62] , cell mechanics on soft biomaterials [63] [64] [65] [66] , simultaneous mechanical and morphological characterization [73] [74] [75] [76] , single-cell force spectroscopy [85] [86] [87] , AFM cantilever as an ultrasensitive mechanical sensor [97] [98] [99] [100] ), and single-cell manipulations for physiochemical assays (e.g., AFM combined with nanofluidics [103] [104] [105] [106] , AFM robotic manipulations [109] [110] [111] , dual-probe AFM [116] , AFM combined with ESEM [122] ), providing considerable novel insights into the physiological and pathological activities at single-cell level which are inaccessible by traditional biochemical ensemble measurements and contributing much to the biophysical and biomedical communities. Despite the increasing performance and functions of AFM, there are still several issues needing to be noted and addressed to further advance AFM for better biomedical applications. The spatial resolution of imaging the cell membrane of living mammalian cells needs to be improved. AFM has achieved molecular spatial resolution on the reconstituted cell membrane attached to the stiff and flat support (such as mica) and is able to image single membrane proteins reconstituted on the lipid membrane [126, 127] . However, so far the spatial resolution of utilizing AFM to image the surface of living mammalian cells is in the range of 50-100 nm [128] and individual biomolecules on the membrane of mammalian cells cannot be observed by AFM. Since the cell membrane is soft and very thin (the thickness of cell membrane is about 8 nm [129] ), the AFM tip is prone to deform the cell membrane and subsequently sense the structures beneath the cell membrane during practical AFM imaging, such as cytoskeletons [44, 75] . Besides, the membrane proteins dynamically diffuse within the cell membrane to perform biological functions (the time scale at which positional motion of single membrane protein usually occur is less than 1 s [130] ), which can cause the blurring of AFM imaging. Studies have shown that there are significant differences in the biomolecular organizations (such as glycopolymers [131] and lipid architectures [132] ) of cell membrane between normal cells and cancerous cells, and thus imaging the cell membrane at molecular spatial resolution is useful for directly understanding cell membrane. In order to visualize single biomolecules on the soft cell membranes of mammalian cells, AFM working in noncontact mode is mandatory [133, 134] . Utilizing carbon nanotube as the scanning probe of scanning ion conductance microscopy (SICM) for noncontact imaging has been considered as a promising way to visualize the molecules on cell membrane [135] . As an alternative way, researchers have used AFM to image the cell membrane which was extracted from cells and then coated on the flat support [136] , but notably the results obtained via this method provide limited information about the behaviors of cell membrane on living cells.
The efficiency of AFM characterization needs to be advanced. Currently AFM single-cell studies are usually laborious and timeconsuming. For example, typically the scan frequency is 0.125 Hz and the scan line is 256 when using AFM peak force tapping to perform multiparametric imaging on living cells [137] , meaning that completing one scan requires more than 30 min. High-speed AFM decreases the AFM imaging time of living mammalian cells to about 5 s [43] and is able to perform high-speed mechanical detection on cells [58] . Therefore, combining high-speed AFM with multiparametric imaging to develop novel methods which can perform multiparametric imaging on living cells with high-speed will be of particularly meaningful for investigating the dynamics of cell structures and properties. Besides, currently the operator controls AFM probe to perform operations (such as imaging, measurement, and manipulations) on a cell under the guidance of optical microscopy, after which the operator controls AFM probe to detect the next cells. In order to obtain the results with statistical significance, often many cells need to be measured, which will result in huge work burden to the operator. Hence, automating the procedure of AFM single-cell characterization can potentially benefit improving the efficiency of AFM single-cell assays. Achieving automated AFM single-cell characterization requires overcoming several technical problems, such as delivering cells to the workspace of AFM, automatically moving AFM tip to the specific positions of the cell, and automated data acquirement and analyses [138] . Proof-ofconcept studies have been examined on chemically fixed cells [139] , but there is still a big gap for achieving automated AFM manipulations on living cells with irregular morphology. Particularly, automated data analysis and visualization methods have been investigated and commercially available, such as multiparametric imaging based on peak force tapping [72, 140] and AFM methodological suite software for nanomechanics [141] , which promote improving the efficiency of AFM single-cell assays.
The standardization of AFM single-cell measurements and the biological correlation need to be strengthened. A notable point for current AFM single-cell assays is that sometimes there are significant differences in the results measured from different research groups, for example, the cellular Young's modulus measured by AFM ranges from 0.01 to 2 kPa [142] . This is because that the cellular Young's modulus measured by AFM are influenced by several factors, such as environmental conditions (e.g., temperature, substrate, culture medium), instrumental parameters (e.g., probe shape, loading rate, indentation depth), cell (e.g., cell positions being probed, cell states), data analysis (e.g., selection of theoretical models, determination of contact point) and so on [50, [143] [144] [145] . Studies have shown that the gold coating on the cantilever can also cause the force drift, which influences the stability and precision of force spectroscopy measurements [146] . Therefore, experimental setups and standards need to be defined [147] such that the results can be reproducibly examined. Recently, researchers have presented standardized nanomechanical AFM procedure (SNAP) for measuring soft and biological samples [148] , and the experimental results show the high reproducibility of SNAP, improving significantly the applicability of cell mechanics as a quantitative marker to discriminate between cell types and conditions. So far directly investigating the relationship between cell properties and cell functions on the same cell is still scarce. AFM is able to label-free probe the single living cells without pretreatments, meaning that we can perform biochemical experiments on the same cells which have been probed by AFM. For example, by AFM single-cell manipulations, such as isolating single cells [105] and single-cell extraction [106] , single cells can then be delivered for biochemical assays. This will be particularly useful for directly investigating the correlation between cell physics (such as morphology [37] , mechanics [54] , adhesion force [84] , rounding force [99] , and mass [100] ) and cell functions (such as invasiveness and metastasis abilities [149] ) on the same cells at single-cell level.
Taken together, AFM single-cell analysis has become highly powerful and multifunctional, providing strikingly novel insights into cell biology. Addressing the issues being faced will promote the advancement of AFM for revealing the underlying biological behaviors at single-cell level. As more biological systems are investigated by AFM single-cell analysis, we have much to look forward to.
